We present an approach to calculate ballistic phonon transport that combines the atomistic 
I. INTRODUCTION
For thermoelectric devices the figure of merit ZT is the most important characteristic number since it is directly connected to the theoretical maximum achievable efficiency of the device. The figure of merit is defined as ZT = σS 2 T κ e + κ ph (1) where σ is the electric conductivity, S is the Seebeck coefficient, T is the temperature, κ e is the electric part of the thermal conductivity and κ ph is the phonon part of the thermal conductivity. In 2001 Venkatasubramanian et al. [2] showed that the figure of merit in thermoelectric devices which are based on super lattice structures can be rather large. The large figure of merit is explained by a strong decrease in the phonon heat conductivity due to additional scattering of phonons at the interfaces and simultaneously an almost uneffected electronic transport across these interfaces. Venkatasubramanian et al. investigated super lattice structures that are based on Bi 2 T e 3 /Sb 2 T e 3 . Recent experimental results show that also ZnO/ZnS based super lattice structures and micro structures are a promising candidate as thermoelectric materials [3, 4] . It can be grown as sputtered thin films as well as fully epitaxially using molecular beam epitaxy. The material parameters can be tuned by doping.
In this paper we introduce a scheme that combines the flexibility of the atomistic Green's function (AGF) method and the ab initio character of DFT to calculate ballistic phonon transport. We use this scheme to investigate the thermal conductance of pure ZnO and pure ZnS. ZnO has wurtzite structure while ZnS can occur in wurtzite structure and zincblende structure. We show that ZnO/ZnS interfaces are promising phonon blockers regardless of the ZnS structure. ZnO has a band gap of 3.37eV and shows an intrinsic n-doping, which is related to intrinsic Zn interstitials [5] . The space group of wurtzite structure is P6 3 mc. Since
ZnO in wurtzite structure has four atoms in the unit cell the phonon-dispersion relation has 12 branches. At the Γ point the 12 branches divide up into 2A1+2B1+2E1+2E2, where both E1 and both E2 modes are double degenerated. In principle, the phonon dispersion relation can be measured by means of inelastic neutron-scattering (ISN) or for the Raman active modes with Raman scattering. For ZnO several experimental data with both methods have been reported [6] [7] [8] [9] . ZnS has a slightly higher band gap than ZnO of 3.8eV. Chen [10] et al. reported experimental and theoretical investigations of ZnS phonons in wurtzite and zincblende structure. They observe a good agreement between ab initio calculations and measurements. AGF is used in the literature to calculate ballistic phonon transport [11] [12] [13] [14] and results show good agreement with experiment. Other models that are used to calculate phonon transport are the acoustic mismatch model (AMM), which is only valid for the long wavelength phonons and the diffuse mismatch model (DMM), which assumes diffuse scattering at the interfaces [15] . Both methods do not take into account the structure of the interface and give therefore only an approximative description of phonon transport.
II. METHOD
The whole calculation divides up into two different tasks. The first task is the calculation of the equilibrium positions of the atoms and the determination of the interatomic force constants (ifcs). In the second task the AGF method is used to calculate the transmission function and the thermal conductance, whereas the ifcs from the first task are used to describe the interatomic potential. With this approach only the harmonic part of the potential is considered, therefore anharmonic effects are not described. In principle anharmonic effects can be incorporated in this approach by introducing additional self energies in the AGF method.
A. Calculation of the Interatomic Force Constants
In order to calculate the ifcs we use the code package ABINIT [1] . This code is based on density functional theory and can be used with a pseudopotential method and a plane-wave expansion. For the exchange correlation potential, we use the local density approximation(LDA). The pseudopotentials are represented in the Troullier-Martins scheme [16] . The code uses a perturbation method to calculate the dynamical matrix on a discrete grid in the Brillouin zone. The use of a perturbation method avoids the use of super cells. Then the ifcs can be obtained by a discrete inverse Fourier transformation of the discrete dynamical matrix. Knowing the ifcs the dynamical matrix can be calculated in the whole Brillouin zone. Furthermore, also based on the same perturbation method the code is able to calculate the dielectric permittivity tensor and the born effective charges. Knowing the dielectric permittivity and the born effective charges the ifcs can be decomposed in a long range part which describes the dipole-dipole interaction and a short range part which describes the electronic contribution to the interaction. For details see References [17] and [18] .
B. Transport Calculation using Atomistic Green's Function Method
A good overview of the AGF method applied to phonons is given in Reference [11] .
Here we will summarize the basic features and show how to connect these method to the ifcs obtained from the ab initio calculation. First, we define the interaction of the atoms in the system and set up the harmonic matrix H. In the literature these interactions are often described by parameterized potentials [12, 14] . We use the ifcs obtained from ab inito calculations to describe the interaction between the atoms. The interaction between atom µ and atom η is represented by a 3x3 matrix.
M µ and M η are the masses of the atoms and k µ i η j is the force constant that describes the impact on atom µ in direction i if atom η is dislocated in direction j and vice versa. If we describe a structure that has periodicity in all 3 dimensions we can built the dynamical matrix which is the Fourier transform of the harmonic matrix.
R is a lattice vector in real space and H( R) contains all interactions between cells that are connected by R. The phonon dispersion relation can be obtained by the square root of the eigenvalues of the dynamical matrix. The density of states can be calculated using the Green's function of the system.
The Green's function and the density of states are connected by an integration over the Brillouin zone
For transport calculations we consider a system that is coupled to two semi-infinite contacts. The considered system is in general not periodic in transport direction. Therefore, we divide our system into layers of atoms that are perpendicular to the transport direction. This allows us to distinguish between interlayer and intralayer interactions. The layers are still periodic perpendicular to the transport direction. Consequently we can Fourier transform the interlayer and intralayer interactions along these directions. The periodicity in-plane is described by a 2-dimensional lattice with the lattice vectors R g p , where g is the layer index. The Fourier transform of the interlayer and intralayer interactions are given by
R o are the vectors that connect cells of neighbouring layers gḡ. With this 2-dimensional
Fourier transformation we introduce a new Vector q p , a 2-dimensional unit cell, and the corresponding 2-dimensional Brillouin zone.
The overall matrix describing the system has then the following form.
H g is the Fourier transformed intralayer interaction of layer g. T g,g+1 is the Fourier transformed interlayer interaction of layer g with g+1. In a typical calculation we take into account more than next nearest layer interaction.
This matrix is infinite. The infinite matrix can be reduced to a finite matrix by using the concept of self-energies. The overall Green's function of the system is given by
where H is a finite submaxtrix of H( q p ) and Σ L and Σ R are the self energies for the left and right contact, respectively [11] . The self energies can be calculated using
where T L and T R are the interlayer interactions which connect the middle region to the left and the right semi-infinite leads. g l and g r are the surface Green's functions of the left and right contact. We calculate these surface Green's functions using decimation techniques [19] .
From the self energies the broadening matrices can be obtained using
Consequently the transmission function of the system can be calculated using
The average transmission function per unit cell is given by an integral over the 2-dimensional Brillouin zone
The unit of this quantity is transmission per area.
Knowing the average transmission one can calculate the total energy flux per unit area J in the linear response
where f (ω, T ) is the occupation function for the phonons.
The conductance per unit area is defined as
If the exact structure of the interface is unknown one can estimate the interface conductance between material a and material b within the diffuse mismatch model [15] . For the transmission function we assume that at the interfaces the phonons lose memory of their original state and are either scattered in material a or material b. The corresponding probability is proportional to the transmission function of the bulk materials. The transmission function is normalized such that for an interface between the same material the overall transmission is 1/2 of the bulk transmission.
t a (ω) and t b (ω) are the bulk transmission functions.
We are using this model to estimate the influence of interfaces between two different materials. In future work we plan to investigate in addition the coherent transport across interfaces.
III. RESULTS AND DISCUSSION
Ground state calculations and cell shape optimization are performed using a kpoint sampling of 6x6x3 for ZnO wurtzite and ZnS wurtzite and a cutoff energy of 60 hartree for the plane wave expansion. For the ZnS in zincblende structure we perform ground state and cell shape optimization with a k-point grid of 6x6x6 and a cutoff energy of 60 hartree for the plane wave expansion. Using these parameters the lattice constants are converged within 0.1%. The results of the cell shape optimization and results from other groups are shown in Table I . The lattice constants for ZnO wurtzite are about 1.6% smaller than the measured ones. The volume is about 3.9% too small. For ZnS in wurtzite structure and zincblende structure we also obtain lattice constant that are smaller than the measured one. This overestimation of the binding energies is a well known effect of the LDA. Based on the ground state density the dynamical matrix is calculated on a q-point grid in the brillouin zone. For wurtzite structure a 6x6x3 grid is used and for zincblende a 6x6x6 grid is used. The ifcs are calculated by a Fourier transform of the dynamical matrix. The ifcs are converged such that the conductance obtained from the ifcs are converged within 1%.
The dispersion relation and density of states calculated with abinit are shown in Fig.1 for the three different material systems. The density of states and dispersion relation are in good agreement to calculations reported by other groups [10, 20] . Fig.2 left column shows the density of states of all three material systems. It shows that the overlap between the density of states of ZnO and ZnS is rather small regardless of the structure of ZnS, which indicates a high phonon scattering at a ZnS/ZnO interface. We will emphasis this later in this paper by applying the diffuse mismatch model (DMM) to the two materials. transmission function for the zincblende structure shows no significant dependence on the direction. Using Eq. (15) we calculate the conductance. In Fig.3 the differential conductance which is in principle the integrand of Eq. (15) is shown for different temperatures. It is shown that for low temperatures the main contribution of the conductance comes from phonons which have low energy. Raising the temperature leads to a small increase of the differential conductance at low energies and a strong increase at higher temperatures. At high temperatures the shape of the differential conductance is only govern by the transmission function.
Now we consider the conductance of the pure ideal materials. In particular, we consider only ballistic transport thus no scattering within the material. The only scattering is due to contact resistance which is also called Sharvin resistance. Therefore, the conductance shown in Fig.2 has the unit of an interface conductance. The conductance for the pure materials contribute to heat transport, which leads to a decrease in the conductance especially for higher temperatures. Since the transmission function for all directions in zincblende structure for ZnS have a similar shape we used the 100 direction representative for all directions. Fig.4 shows the transmission function and conductance of the interface between ZnO and ZnS in 100 direction. Additionally we investigated interfaces between ZnO and ZnS where both are in wurtzite structure. Here we focus our investigations on interfaces with the same directions. Fig.5 shows the transmission function and conductance of the interface between ZnO and ZnS both in wurtzite structure. These interface conductances are approximately one order of magnitude higher than typical interfaces conductances reported in the literature [26, 27] , which is reasonable, since the DMM gives an upper estimation for the interface conductance. The impact of such interfaces on the figure of merit is estimated by computing the total conductance per m 2 of a ZnO/ZnS superlattice structure with different period length. The total conductance per m 2 is calculated using
L is the length of the structure and n is the number of interfaces. κ ZnO and κ ZnS are the bulk conductivities and κ Int is the interface conductance. Fig.6 shows the figure of merit with different interfaces divided by the figure of merit without interfaces. In this calculation we assume that the interfaces have only an impact on the phonon thermal conductance and that the phonon thermal conductance is much larger than the electric part. Thus the ratio of (ZT ) int with interfaces and by ZT without interfaces is given by κ ZT /κ ZT int .
For σ Int we used the average value of the interface conductance of ZnO/ZnS/wurtzite and ZnO/ZnS/zincblende presented in this paper. All parameters we used for this plot are listed in Table II . It can be seen, that the figure of merit increasing linearly with the number of interfaces. The slope of this curve is given by the inverse of the interface conductance.
Consequently superlattice structures of ZnO/ZnS are promising for a substantial increase of the figure of merit in thermoelectric devices.
IV. SUMMARY AND CONCLUSION
We performed DFT calculations of ZnO in wurtzite structure and ZnS in zincblende and wurtzite structure in the LDA. We calculated the lattice constants for this structures which agree well with other reported values. From DFT calculations we also obtain phonon band Table II Parameter Value Fig.5 and Fig.4 . The values are taken at a temperature of 300K. κ ZnO is the ZnO bulk thermal conductivity at 300K average over the different directions [28] . κ ZnS is the ZnS zincblende bulk thermal conductivity at 300K
average over the different directions [28] .
structures and phonon density of states which also agree well with reported ones by other groups. Based on these calculations we can also obtain the interatomic force constants (ifcs).
These ifcs were then used within an AGF-Method to calculate bulk transmission functions.
The difuse missmatch model (DMM) is used to estimate the interface conductance between ZnS and ZnO. We observed that the existence of such interfaces can have a significant impact on the thermal conductance and could lead to a substantial increase in the figure of merit.
The DMM is only a rough method to estimate the interface conductance. In order to improve the description of the interface one can use the AGF method to built layer structures and calculate the transmission function of an interface directly from Eq.(13), which we plan in the future.
V. APPENDIX
ZnO and ZnS are both intrinsic insulators which have non-vanishing effective charges, which means that the ifcs exhibits a dipol-dipol interaction. These dipol-dipol interaction
shows an 1/r 3 decrease in real space which makes it hard to converge the calculation by summing up all interactions in real space. To avoid this problem ABINIT decomposed the ifcs in a short range part and a dipol-dipol part. The dipol-dipol part is calculated in reciprocal space (for details see [18] ). Unfortunately, in the AGF method the ifcs has to be defined in real space and therefore only a finite number of interactions can be taken into account. To estimate the error caused by this, we compared the dispersion relation and density of calculated with ABINIT and the dispersion relation and DOS calculate with the AGF. The DOS can be calculated in the AGF by using Eq.(9). Fig.7 shows the dispersion relation calculated with the different methods. It can be seen, that both are almost equal except of three optical phonon modes which deviate in the nearness of the Γ-point. Fig.8 shows the DOS calculated with the different methods and it can be seen that there is only a very small difference due to the mentioned three optical phonon modes. Since there are only three optical phonon modes which are described wrong only around the Γ-point we can conclude that the error we made by truncating the interactions has only a small effect on total conductance. To estimate the radius after which we can truncate the sum of the interaction we perform convergence tests with respect to the transmission function. In Fig.9 the conductance for ZnO in C-direction is calculated using different radii for the interactions.
After a radius of 1.12nm the conductance is convergend within 1%. The visible very small oscillations for large cutoff radii are due to the mentioned wrongly describes optical modes close to the Γ-Point. In this paper we use a cutoff radius of at least 1.12nm. 
